Evidence accumulated over the past two decades has indicated that exposure of cell populations to ionizing radiation results in significant biological effects occurring in both the irradiated and nonirradiated cells in the population. This phenomenon, termed the 'bystander response', has been shown to occur both in vitro and in vivo and has been postulated to impact both the estimation of risks of exposure to low doses/low fluences of ionizing radiation and radiotherapy. Several mechanisms involving secreted soluble factors, oxidative metabolism and gapjunction intercellular communication have been proposed to regulate the radiation-induced bystander effect. Our current knowledge of the biochemical and molecular events involved in the latter two processes is reviewed in this article.
Introduction
As extensively discussed in several papers in this issue, widespread experimental evidence indicates that ionizing radiation traversal through the nucleus of a cell is not a prerequisite to produce genetic damage or a biological response. Bystander cells in a population that are in the vicinity of directly targeted cells or recipient of growth medium from irradiated cell cultures can also respond to the radiation exposure. Significant levels of genetic changes and lethality have been observed in bystander cells of varying genetic background, lineage and organ origin. While evidence for such effects has been well established, a clear understanding of the basic biochemical and molecular processes by which they occur is only beginning to emerge.
Oxidative metabolism, gap-junction intercellular communication (GJIC) and secreted diffusible factors have been proposed to mediate the bystander effect. By shedding light on the underlying mechanisms, these developing studies have lent considerable support to the existence of the bystander phenomenon. This article focuses on our current knowledge of the role of oxidative metabolism and GJIC as they relate to bystander effects in cell cultures exposed to very low fluences of a-particles. Reference to studies with other types of radiation will be made in support of the involvement of either of these two mechanisms in the transmission of stressful effect from irradiated to nonirradiated bystander cells. Signaling events common to these two processes will be highlighted.
Mechanisms of radiation-induced bystander effects

Role of oxidative metabolism
It is a well-established fact that normal oxidative metabolism is a key endogenous generator of reactive oxygen (ROS) and nitrogen species (Wink et al., 1996; Adler et al., 1999; Finkel, 2000; Spitz et al., 2000) . Furthermore, homeostatic control of normal cell growth pathways has been shown to be tightly dependent on oxidants (Burdon, 1996; Kamata and Hirata, 1999) . A disruption of the balance between oxidant production and antioxidant defense results in a state of oxidative stress that can promote several pathological conditions, including degenerative senescence and cancer (Finkel and Holbrook, 2000) . Experimental evidence indicates that oxidants contribute to normal cellular functions by mimicking or affecting intermediates (e.g. second messengers) in signal transduction (Schulze-Osthoff et al., 1997) . Oxidants encompass a variety of chemical species, among which some are highly unstable (e.g. superoxide anions and hydroxyl radicals) and others relatively longer lived and widely diffusible (e.g. hydrogen peroxide and nitric oxide) (Halliwell and Gutteridge, 1989) . The endogenous targets of oxidants are diverse and include nucleic acids, proteins and lipids.
Recent evidence indicates that an altered redox state or ROS levels generated by various conditions, including metabolic processes, affect the regulation of most stress-response genes (Adler et al., 1999; Blackburn et al., 1999; D'Angio and Finkelstein, 2000) , alter the growth rate of cells (Bedford and Mitchell, 1974) , induce the expression of specific genes (Price and Calderwood, 1992; Allen and Tresini, 2000; Herrlich and Bohmer, 2000; Meplan et al., 2000) and modulate ion channel activities (Lopez-Barneo et al., 1988) . The intracellular levels of ROS are not only influenced by endogenous processes but also by various exogenous agents. For example, the traversal of a mammalian cell by a single aparticle could result in the production of tens of thousands ROS along the particle track (Feinendegen, 2002) .
An involvement of ROS in ionizing radiation-induced bystander response was postulated by Nagasawa and Little (1992) in their initial report describing significant induction of sister-chromatid exchanges (SCEs) in bystander nonirradiated Chinese hamster ovary (CHO) cells present in cultures exposed to fluences of a-particles by which less than 1% of the nuclei were traversed by a particle track. Experimental evidence for such an involvement was generated when induction of SCEs in nontargeted human diploid cells, in cultures exposed to very low fluences of a-particles, was inhibited by superoxide dismutase (SOD), a superoxide radical scavenger . SOD hampered the apparent activity of extracellular factors that promote the induction of SCE in bystander cells, both cells neighboring directly traversed cells in monolayer cultures, or cells incubated with conditioned medium from irradiated cell cultures. SOD-inhibitable inducing factor(s) could apparently be generated by irradiated cells, but could also be derived by the exposure of culture medium devoid of cells to a-particles. In the latter case, the factor was apparently short lived, while in the former it was able to survive freeze thawing and was heat labile, suggesting that it could be a protein such as tumor necrosis factor-a (TNF-a) or interleukin (IL)-8 (Narayanan et al., 1999) with SCE-inducing capability.
By use of more direct approaches subsequent studies by the same group showed (hydroethidine probe to detect superoxide anion and 2 0 ,7 0 -dichlorofluorescein diacetate to detect hydrogen peroxide) that exposure of human cell cultures to low mean doses of a-particles initiate the intracellular production of superoxide anions and hydrogen peroxide in both irradiated and bystander human cells through the involvement of the plasmabound NAD(P)H oxidase (Narayanan et al., 1997) . Disproportionalities, revealed by flow cytometric measurements, between the fraction of cells that experienced changes in mean fluorescence after a-particle exposure relative to the fraction presumed to be traversed by a particle track was considered as an indication of prooxidants being induced in bystander cells. ROS were also generated in unirradiated cells incubated with growth medium that has been exposed to a-particles, or with supernatants harvested from a-particle-irradiated cell cultures, indicating that the ROS response does not require direct nuclear or even cellular hits by aparticles (Narayanan et al., 1997) . Significantly, the induction of ROS as a bystander effect was inhibited by SOD (Narayanan et al., 1997) .
While a DNA-damaging effect produced by a diffusible factor generated by a-particle-irradiated cells has been supported by studies in other cell strains (Prise et al., 1998) , the effect of irradiated serum-containing medium devoid of cells does not appear to be a general phenomenon (Prise et al., 1998) . Nevertheless, it cannot be discounted that oxidative changes in serum components induced by a-particles may result in altered interactions of these components with the cell membrane leading to signaling events that result in biological effects in nonirradiated cells.
Further support for a role of oxidative stress in the induction of genetic changes in cells whose nuclei were not traversed by an a-particle was provided by microbeam studies, whereby the irradiating particles were targeted to the cytoplasm (Wu et al., 1999) . Traversal of juxtaposing ends of a cell with four a-particles on each end resulted in significant induction of mutations at the CD59 locus of A L CHO-human cell hybrids. The principal class of mutations consisted of base damage and deletions similar to those that occur spontaneously. The 4-5-fold increase in mutation frequency was suppressed by incubation with the hydroxyl radical scavenger dimethyl sulfoxide (DMSO). In contrast, depletion of the cells of glutathione, an important thiol that prevents oxidative stress by acting as a redox buffer in the cytosol (Meister and Anderson, 1983) , increased the mutagenicity of cytoplasmic irradiation. The mechanism by which short-lived hydroxyl radicals, generated in the cytoplasm, induce damage to DNA at a site beyond their short diffusion range remains unknown. It is thought that a cascade of events initiated by hydroxyl and other radicals and involving lipid peroxidation may be implicated (Narayanan et al., 1997) .
While ROS scavengers clearly inhibited the induction of mutations following cytoplasmic irradiation, contradictory results were reported concerning the involvement of oxidative metabolism in the induction of a bystander mutagenic effect following nuclear irradiation. In a-particle microbeam experiments with A L cells, DMSO failed to suppress the induction of mutations in bystander cells, suggesting that at least hydroxyl radicals are not involved in initiating the mutagenic bystander effect in this case (Zhou et al., 2000) . Interestingly, the spectrum of mutations induced in bystander cells was different from that observed following cytoplasmic irradiation in that they were more complex than those resulting from cytoplasmic irradiation. It was suggested that the difference in mutations spectrum may be due to different mutagenic processes involved in the two cases (Zhou et al., 2000) . However, the induction of HPRT mutations in CHO bystander cells in cultures exposed to low fluences of a-particles generated by a broad beam conventional irradiator was consistent with the involvement of oxidative metabolism in the effect (Huo et al., 2001) . As was observed in A L following cytoplasmic irradiation (Wu et al., 1999) , over 90% of mutations in CHO bystander cells were point mutations (Huo et al., 2001) .
Further evidence that upregulation of oxidative metabolism mediates the bystander response in human diploid fibroblast cultures exposed to very low fluences of a-particles was derived from studies of gene expres-sion (Azzam et al., 2002) . When p21
Waf1 expression was examined on a cell-by-cell basis by in situ immunofluorescence following exposure of confluent cultures to a mean dose of 0.3 cGy, the fraction of cells demonstrating enhanced p21
Waf1 expression greatly exceeded the expected 2% actually traversed by a a-particle track (Po0.001, n ¼ 4). Incubation of irradiated cultures with SOD inhibited p21
Waf1 accumulation by about sixfold. These observations were consistent with parallel Western blot analyses showing that active and not boiled SOD inhibits the enhanced radiation-induced accumulation of p21
Waf1 and its upstream inducer p53 in bystander cells. In those experiments, enzyme activity analyses indicated that the exogenously added SOD enzymatic activity became significantly associated with the cells (Po0.016). Whether this association was limited to the plasma membrane or was internalized by the cells is not known (Azzam et al., 2002) . Regardless, recent studies (unpublished) from our laboratory indicate significant attenuation in the bystander induction of p21
Waf1 when human diploid cell cultures, where Cu-Zn SOD was ectopically overexpressed, are exposed to low fluences of a-particles. These latter studies provide direct evidence for a role of oxidative metabolism in mediating the bystander response.
Studies with human cells have also shown that aparticle-induced metabolic ROS production is involved in activating signaling pathways in bystander cells (Azzam et al., 2002) . Superoxide anion and hydrogen peroxide formed by metabolic processes as a consequence of exposing confluent cell cultures to very low fluences of a-particles participated in regulating the expression and activity of several stress-inducible proteins in both the p53 (e.g. p21
Waf1 , MDM2, p34 cdc2 ) and mitogen-activated protein kinase (MAPK) (e.g. ERK1/2, JNK, p38, Raf1) pathways in bystander cells. Active SOD and catalase enzymes were capable of suppressing these effects and also inhibited the activation in bystander cells of redox-sensitive transcription factors (e.g. NF-kB, AP-1 and ATF2) (Azzam et al., 2002) .
In further support of the role of ROS in inducing DNA damage in bystander cells, antioxidant enzymes significantly reduced the excess formation of micronuclei in human cell cultures exposed to very low fluences of a-particles (Azzam et al., 2002) . A disproportionate increase in the fraction of cells with micronuclei in cultures exposed to low mean doses (1 or 2 cGy) of aparticles was significantly reduced (50%, Po0.01 at 1 cGy) when the exposed cultures were preincubated with SOD, catalase or diphenyliodonium (DPI), an inhibitor of flavin-containing oxidase enzymes such as NAD(P)H oxidase. The observation that DPI also reduced the accumulation of p53 and p21
Waf1 immunoreactive protein in bystander cells (Azzam et al., 2002) further supports the role of flavoprotein oxidases in the a-particle-induced bystander effect as measured by the end point of micronucleus formation (Azzam et al., 2002) . NAD(P)H oxidase enzymes are known to produce ROS in quantities capable of stimulating signaling pathways, and these enzymes are rapidly activated by a variety of soluble mediators and engagement of cellsurface receptors (Babior, 1999) . While superoxide anion is the major endproduct of NAD(P)H-oxidase activity, hydrogen peroxide, the hydroxyl radical and hypochlorous acid are also formed as a result of its activation (Halliwell and Gutteridge, 1989; Morel et al., 1991) . These highly reactive species can be released into the cellular environment where they can interact with closely neighboring cells or combine with serum proteins and lipids resulting in their oxidation and modulation of their function. Such activity would be consistent with a role for oxidizing diffusible factors in mediating the radiation-induced bystander response. Thus, results from various laboratories support the hypothesis that a DPI-sensitive flavin-containing oxidase activity may represent a significant source of the ROS produced in human fibroblast cultures exposed to low fluences of aparticles.
In contrast to the above studies whereby stress responses were observed in nontargeted cells, a cell growth-related bystander response was observed in cells recipient of supernatants from a-particle-irradiated cultures (Iyer and Lehnert, 2000) as well. Such a response also led to the upregulation of ROS in bystander cells and was mediated by the redox-activated TGF-b1 cytokine (Iyer and Lehnert, 2000) . Coupled with these observations, decreased levels of p53 and p21
Waf1 were detected. These seemingly variable results await further examination and highlight the complexity of media transfer experiments where local changes in the concentration, redox state and half-life of the diffusible factor(s) may take place. Depending on their concentration, biological oxidants have been shown to both activate and inactivate signaling pathways involving tyrosine kinases, transcription factors, oxidation of key cellular thiols and calcium homeostasis (Allen and Tresini, 2000; Gabbita et al., 2000) . Furthermore, the occurrence of a conditioned medium effect that is stimulatory or toxic may be cell type, cell density and growth condition dependent.
In studies utilizing other types of ionizing radiation, the antioxidant DMSO reduced the lethal effects in bystander cells produced by growing them with 3 H-thymidinelabeled cells in a three-dimensional architecture (Bishayee et al., 2001) . In these experiments, it was argued that due to the very short range (about 1 mm) of the low-energy bparticles emitted by tritium, no crossirradiation of bystander cells could occur. Interestingly, maximal protection of the bystander cells was observed by growth in the presence of both DMSO and lindane, an inhibitor of GJIC (Bishayee et al., 2001) . Oxidative metabolism has also been implicated in toxic bystander effects observed in media transfer experiments involving g-radiation (Lyng et al., 2000 (Lyng et al., , 2001 Mothersill et al., 2000) . Treatment of irradiated cultures with the antioxidants, l-lactate and ldeprenyl , or with drugs that inhibit collapse of mitochondrial membrane potential (Lyng et al., 2001) , inhibited the cytotoxic effects on nonirradiated bystander cell cultures of conditioned medium from the irradiated cultures.
Nitric oxide, a small, diffusible, highly reactive molecule that is often deployed by the body as a biological signal and regulator can generate oxidative stress by decreasing glutathione levels in the cell and by forming reactive oxygen intermediates through its reaction with the superoxide radical (Rubanyi et al., 1991; Huie and Padmaja, 1993; Ignarro et al., 1993) . Experiments showed that nitric oxide mediated the accumulation of p53 and hsp72 protein levels in wildtype p53 glioblastoma cells cocultured with, or recipient of conditioned medium from, X-irradiated mutant p53 glioblastoma cells . The accumulation of these proteins was abolished when an inhibitor of nitric oxide synthase (NOS) or scavengers of nitric oxide were added to the medium. In contrast and further emphasizing the complexity of coculture/media transfer experiments, nitric oxide released in the medium of human salivary gland cells exposed to heavy ion irradiation mediated a proliferative response in bystander cells (Shao et al., 2002) .
In vivo experiments have also shown that inflammatory-type responses occur after exposure to ionizing radiation (Lorimore et al., 2001) . In these experiments, activation of macrophages and neutrophil infiltration were not direct effects of irradiation, but were a consequence of the recognition and clearance of radiation-induced apoptotic cells. The occurrence of such a response has been suggested to provide a likely mechanism for the interactions between irradiated and nonirradiated hemopoietic cells both in vitro and in vivo (Lorimore et al., 2001) . Such interaction was also observed in out of field in vivo experiments examining the genetic effects of partial organ irradiation. DNA damage detected in the shielded apex region of rat lung when the lung base was irradiated was blocked by intravenously injected Cu-Zn SOD or l-NAME, a NOS inhibitor (Khan et al., 1998) .
In related studies, in vitro clastogenic activity derived from the plasma of irradiated individuals (Hollowell and Littlefield, 1968) was also inhibited by SOD (Emerit et al., 1995) . Oxidative-stress mediators have also been implicated in abscopal effects, whereby cytotoxic effects are observed in solid tumors located at distant sites from those targeted by radiation. It is thought that such effects are mediated by redox-sensitive cytokines that are cytotoxic (Ohba et al., 1998) or capable of mediating a systemic antitumor effect through the activation of immune activity (Uchida et al., 1989) . Furthermore, genomic instability in the progeny of cells surviving a radiation exposure has been associated with intracellular oxidants, oxidative DNA base damage and vulnerability to free radical membrane damage (Clutton et al., 1996) . Overall, the above studies challenge the traditional paradigm that the important biological effects of ionizing radiation are a result of DNA damage by its direct interaction with the nucleus. They indicate that irradiated and nonirradiated cells interact, and oxidative metabolism has an essential role in the signaling events leading to radiation-induced bystander effects. Preliminary evidence indicates that oxidants modulate similar signal transduction pathways in irradiated and bystander cells and contribute to the induction of bystander DNA damage. Genes that are directly responsive to oxidative stress have been identified in bystander cells (Azzam et al., 2002) . However, direct evidence explaining how these events occur is still lacking. Do the characterized signaling events lead to DNA damage in bystander cells or are they a result of its occurrence? Do oxidants positively regulate specific pathways while negatively regulating others? Are signaling molecules other than MAPK and p53 (e.g. adenylate and guanylate cyclases, phosphatases and phopholipases) regulated in bystander cells? What is the effect of the SOD-dependent decrease in the enhanced activity of NF-kB and AP-1, observed in low fluenceirradiated cell cultures, on their downstream targets? Evidence indicates that NF-kB activation (Sherman et al., 1993; Xie et al., 1994 ) is a rate-limiting step for the initiation of NOS (iNOS) gene; thus would downregulation of bystander activation of NF-kB by antioxidants correlate with decreased production of nitric oxide? Furthermore, LPS, TNF-a and IL-1b have been shown to be potent inducers of nitric oxide: would neutralizing their function attenuate the bystander response? Such studies would further help identify soluble bystander mediators and enhance our understanding of the underlying mechanisms.
While it has been argued that oxidants mediate the induction of DNA damage in bystander cells, it is unclear how the required concentrations of such oxidants are achieved. Are oxidants strictly of cytoplasmic and membrane origin or is the mitochondria also a main source? Cytotoxic aldehydes produced as a result of cell membrane lipid peroxidation have been cited as mediators of the bystander effect, yet such oxidantinduced lipid modifications have not been characterized. Interestingly, superoxide is known to permeate lipid membranes and in the presence of oxygen leads to the formation of hydroperoxide and the pentadienyl radical. The latter can trigger further reactions leading to elaboration of more superoxide and propagation of lipid peroxidation (Petkau, 1978; Chuaqui and Petkau, 1987) that may contribute to persistent propagation of bystander effects.
Expansion of these various studies and the use of genetic approaches where the expression levels of oxidant generators or scavengers are modulated in irradiated or bystander cells should enhance our understanding of the role of oxidative metabolism. Often, chemical inhibitors of oxidants or probes to detect them lack specificity (Burkitt and Wardman, 2001 ) and the ability of some antioxidants to permeate into cells has been questioned; genetic approaches would alleviate these difficulties.
Role of GJIC
Homeostatic maintenance of cells in tissues depends on a complex network of communication modalities that allow coordinated interactions among themselves and with their environment. Cells respond to factors in the extracellular matrix and they are linked to each other by specialized cell junctions. Occluding, anchoring and communicating type junctions that synchronize the activities of cells in multicellular tissues have been described. Among these, the gap junction is one of the most widespread, being found in most animal tissues and perhaps all animal species. It is a specialized plasma membrane structure, which contains a low resistance channel linking adjacent cells. In excitable tissues, it permits electrical coupling; in others, it allows passage of small molecules involved in metabolic support, growth control and embryogenesis (Kumar and Gilula, 1996; Lo, 1996; Simon and Goodenough, 1998) .
A gap junction consists of a complete cell-to-cell channel that spans two plasma membranes and results from the association of two half channels, or connexons, contributed separately by each of the two participating cells. Each connexon, in turn, is a multimeric assembly of protein subunits called connexins (Bruzzone et al., 1996) . Connexins are an extensive family of proteins comprising several members (Willecke et al., 2002) . Different connexins are expressed in different tissues and have different selectivity related to the size and charge of the communicated molecules (Veenstra, 1996) . Studies have revealed that channels composed of different connexins have different conductances and permeability to ions and specific fluorescent dyes, and that the rate of permeation is dependent on the connexin composition of the gap-junction channel (Elfgang et al., 1995; Goldberg et al., 1999) . It has been shown that gap junctions can be selective: cytoplasmic second messengers (cAMP and cGMP) may be discriminated by different connexins partially based on pore diameter (Bevans et al., 1998) ; also, whereas a certain connexin may favor cations, others are relatively nonselective with respect to charge (Suchyna et al., 1999) .
Direct evidence for the participation of GJIC in the transmission of damage signals from irradiated to nonirradiated mammalian cells was obtained when confluent, density-inhibited cultures of human fibroblasts that are GJIC proficient or deficient were exposed to very low fluences of a-particles (Azzam et al., 1998 (Azzam et al., , 2001 . In those initial studies, the modulation of expression, in bystander cells, of proteins involved in the p53/p21
Waf1 stress-induced signaling pathway and the induction of micronucleus formation (a surrogate type of DNA damage) were observed only in GJIC-proficient cultures. Expression of these bystander effects was inhibited when the irradiated cell cultures were pretreated with gap-junction inhibitors (e.g. lindane, DDT, dieldrin and AGA). Significantly, when cultures of an isogenic pair of rat epithelial cells that differ in their ability to perform GJIC were exposed to a-particles, bystander induction of p21 , as detected by in situ immunoblotting, was observed in the GJIC-proficient cultures only. The induced p21
Waf1 occurred in characteristic aggregates of neighboring cells, further supporting the view that damage signals were communicated from irradiated to bystander cells in a GJIC-dependent manner. In contrast, in GJIC-deficient cultures exposed to low fluences of a-particles, only single isolated and presumably irradiated cells invariably exhibited upregulation of p21
Waf1
. The magnitude of the contribution of bystander cells to the overall response of irradiated cultures was notably reflected in Western blot analyses. While upregulation of p21 Waf1 was observed in GJIC-proficient/connexin43 wild-type mouse embryo fibroblast cultures exposed to mean doses as low as 0.6 cGy, a dose of 10 cGy was required to detect an effect in GJIC-deficient/connexin43 knockout cultures (Azzam et al., 2001) .
Additional support of the role of GJIC in mediating the a-particle-induced bystander response came from a series of mutation studies using microbeam irradiation. Irradiation of 20% of the cells in an A L confluent cell culture with a cytotoxic dose from a-particles resulted in mutation frequencies three times higher than expected. As was observed in the above studies, irradiation in the presence of the GJIC inhibitors lindane or octanol significantly reduced the mutant yield (Zhou et al., 2000) . Similarly, the bystander effect was eliminated in cells carrying a dominant-negative construct for connexin43 that effectively abrogated functional GJIC in the transfected cells (Zhou et al., 2001) . In contrast, bystander mutation was enhanced when ectopic overexpression of connexin43 was achieved (Zhou et al., 2001) . Furthermore, the cytotoxic effect observed in bystander cells when they were grown with tritiated thymidine-labeled cells was significantly attenuated by lindane (Bishayee et al., 1999 (Bishayee et al., , 2001 ). In related experiments, chemical inhibition of GJIC prevented the growth disadvantage effect that occurs within mouse aggregation chimeras comprised of g-irradiated and nonirradiated cleavage-stage embryos (Vance and Wiley, 1999) .
Collectively, the above reports are consistent with the concept that confluent cell populations exposed to ionizing radiation respond as an integrated unit rather than separate individual cells that have been irradiated and point to a direct and critical role for GJIC in mediating the bystander response. Considerable support for this role was recently generated from studies, indicating that exposure of various cell types of human or rodent origin to mean a-particle doses as low as 0.16 cGy significantly induces the expression of connexin43 (Azzam et al., 2003) . a-particles, g-rays and other oxidizing agents, including hydrogen peroxide, upregulated connexin43 mRNA and protein levels, suggesting that the regulation of expression of proteins involved in GJIC is a major cellular response to stress. Significantly, ionizing radiation also stabilized connexin43 and induced its phosphorylation (Azzam et al., 2003) . Interestingly, previous reports indicated that the connexin43 protein located in gap junctions is primarily phosphorylated (Musil and Goodenough, 1991) , and the events leading to its phosphorylation may cause the formation or stabilization of the junctions (Lampe and Lau, 2000) . Consistent with the findings that increased expression of connexin proteins and their phosphorylation (Dowling-Warriner and Trosko, 2000; Paulson et al., 2000) correlate with increased GJIC, irradiated cells were shown to be capable of functional commu-nication with nonirradiated cells (Azzam et al., 2003) . These studies build on previous observations where enhanced immunoreactivity of connexin43 was observed following fractionated X-irradiation of mouse epidermal cells (Liu et al., 1997) and rat lungs (Kasper et al., 1996) . However, they contradict others where downregulation of GJIC was observed following irradiation with ultrasoft X-rays (Chipman et al., 2003) .
Gap junctions have been reported to partition in lipid rafts and interact with caveolin-1 (Schubert et al., 2002) . It is of interest to note that when CHO cells were exposed to very low fluences of a-particles in the presence of Filipin, a drug that disrupts lipid rafts, complete suppression of SCEs and HPRT mutations in bystander cells occurred (Nagasawa et al., 2002) . These studies further highlight the role of the cell membrane in signaling expression of the radiation-induced bystander response. Further experiments investigating the nature of the proteins that interact with connexin43 within the cell membrane, in particular within the lipid rafts of irradiated cells, as well as the kinetics of connexin43 stabilization and phosphorylation relative to expression of radiation-induced bystander effects should greatly enhance our understanding of signaling events that regulate gating of gap junctions and the transmission of stressful effects from irradiated to nonirradiated cells. A variety of proteins involved in cell signaling are known to partition into lipid rafts (Pike, 2003) ; the presence of gap junctions in this region of the membrane may have evolved for rapid and efficient transmission of signaling events among neighboring cells.
While direct evidence for the involvement of GJIC in the bystander effect was demonstrated, the nature of the factor(s) communicated through gap junctions has not been identified. However, its size would have to be small (p2000 kDa; e.g. ions, second messengers); genetic studies in our laboratory are taking advantage of known selectivity of specific types of gap junctions to identify its nature. The identification of differential permeabilities of connexins for specific radiation regulated metabolites will be important to our understanding of the overall cellular response to ionizing radiation. Table 1 Summary of radiation studies examining the role of oxidative metabolism and GJIC in the transmission of stressful effects from irradiated to nonirradiated cells. Unless otherwise noted, studies were performed in monolayer cultures exposed to very low fluences of a-particles
Biological response in bystander cells
Modulation by oxidative metabolism Mediation by GJIC
Conclusion
Continuously emerging data are supporting a role for both oxidative metabolism and GJIC in the expression of radiation-induced bystander effects (Table 1) . It is attractive to speculate that depending on the cell types used and biological end points measured, the two mechanisms act both independently and in concert to promote the bystander effect. Ample data (Kojima et al., 1997; Trosko and Inoue, 1997; John et al., 1999) , including those reviewed in this paper (Azzam et al., 2003) , have indicated that GJIC is responsive to oxidative stress. ROS-activated kinase(s) (e.g. member(s) of the MAPK superfamily) have been shown to have a role in the activation of gap-junction proteins (Lampe and Lau, 2000) . Interestingly, these kinases were shown to be regulated in bystander cells (Azzam et al., 2002) . Binding sites for the redox-sensitive AP-1 and NF-kB transcription factors, which are activated by low fluences of a-particles (Narayanan et al., 1999; Azzam et al., 2002) have been shown to exist in the connexin43 gene promoter region (Echetebu et al., 1999) . Furthermore, redox-sensitive factors secreted by irradiated cells may also be involved in regulation of GJIC. Interestingly, expression of connexin43 has been shown to be regulated by IL-1b (Tonon and D'Andrea, 2002) , basic fibroblast growth factor (bFGF) (Doble and Kardami, 1995) , TNF-a (Fernandez-Cobo et al., 1999) and several other molecules (De Maio et al., 2002) . Regulation of IL-1b (Hosoi et al., 2001) , bFGF (Haimovitz-Friedman et al., 1991) , TNF-a (Weill et al., 1996) and IL-8 (Narayanan et al., 1999) was previously shown to be sensitive to ionizing radiation. Other radiation released cytokines and growth factors may also be involved (Narayanan et al., 1999; Barcellos-Hoff and Brooks, 2001 ). The eventual identification of the nature of the molecules transmitted among irradiated and nonirradiated cells may shed more light on the cooperation between oxidative metabolism and GJIC in inducing bystander effects. Further elucidation of the molecular events underlying these mechanisms should increase our understanding of the relative contribution of bystander cells to the overall risk due to ionizing radiation and to the design of optimal therapy strategies to control cancer.
Abbreviations GJIC, gap-junction intercellular communication; ROS, reactive oxygen species; SCE, sister-chromatid exchanges; CHO, Chinese hamster ovary; SOD, superoxide dismutase; DPI, diphenyliodonium; DMSO, dimethyl sulfoxide.
